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Abstract—	 Ensuring customer satisfaction within the 
automotive industry is a top priority. Primary concerns of 
satisfaction revolve around perceived comfort of entering and 
exiting vehicles. The ease of this task is attributed mostly to the 
design of the vehicles door frame however these are not tailored 
towards a specific gender. In this paper we present a 
biomechanical analysis-based gender assessment during entering 
and exiting a vehicle. The proposed method of analysis provides 
an assessment that can be used to predict differences between 
genders. The trials conducted in this study used ten subjects 
entering two common family vehicles. The discomfort measure 
based on the passive muscle forces relies on biomechanical 
analysis of posture sequences during entering the vehicles.  
Keywords—Automotive, Ergonomics, Biomechanics 
 
I. INTRODUCTION 
Discomfort is a leading concern when it comes to the design 
of work stations, chairs and vehicles. Although subjective to the 
individual, discomfort is usually described as feelings of pain, 
fatigue, soreness and numbness. The field of ergonomics has put 
in place strategies and guidelines in an attempt to reduce the 
feelings of discomfort for the individuals at risk. The primary 
affecting factors leading to discomfort are believed to be 
induced by interaction with the environment and physical 
constraints affecting the musculoskeletal system [1]. The 
musculoskeletal factors are believed to be mediated with 
biomechanical factors such as joint angles and muscle forces [2]. 
Therefore with an understanding of the mechanical attributes to 
discomfort, an analysis based on biomechanical quantities is 
under investigation.  
Previous studies have been conducted in order to determine 
factors associated with discomfort during entering and egress 
exiting a vehicle. The measures and characteristics considered 
in [3] were related to time during vehicle access. The methods 
of analysis relied on video capture and observations of 
movement over time. Through observation, a value of 
discomfort was generated. Similarly a study conducted by Loczi  
et al. in [4] also aimed to measure discomfort during vehicle 
access. In their work, however, a mechanical approach was 
taken to assess the movements. This was performed by 
analysing angles at different points of the body to calculate 
spinal loadings. The discomfort analysis in this study was 
determined by the lowest resulting load on the spine. 
Biomechanical parameters within discomfort studies have been 
in little focus until recent years. Currently, discomfort related to 
movement studies are in progress and these rely heavily on the 
assumption that discomfort is associated with deviations from 
neutral joint angles [5].  
In order to provide further factors related to discomfort, 
muscle forces have also been investigated. Generally the amount 
of force needed to perform a movement can be associated with 
a level of discomfort relating to the difference from the neutral 
position [6]. The greater the amount of force, the higher the load 
on joints and muscles, ultimately causing a level of discomfort.  
In this paper a muscle stretching is examined during vehicle 
access. The motion was captured using a gyroscopic motion 
capture suit. Two types of vehicles, small city and suburban 
SUV, where examined. The motion was then imported into a 
biomechanical modelling tool, OpenSIMTM, for analysis. 
Passive fiber force were derived and then analysed.  
The rest of this paper is organised as follows. Section II 
describes the data collection procedures. Section III breifly 
explains the bioemchanics modelling and analysis. Results are 
illustrated in Section IV and, finally, Section V provides 
conclusions.  
 
II. DATA COLLECTION 
Vehicle access motion data were collected on a small city car 
and a suburban family SUV. The participants were instructed to 
ingress freely by entering the vehicle in the most natural form 
according to their opinions. 
Before each trial sequence, the participants were instructed to 
perform a T-Pose to calibrate the motion sensors and eliminate 
signal drifting. The trial begins directly after calibration when 
the subject walks towards the vehicle.  
The order in which a sequence was commenced is as follows. 
The participant walks to the car, opens the door, enters the 
vehicle, closes the door, then places her hands on the steering 
wheel for three seconds. The moment that the participant sets 
both the hands on the steering wheel is considered as end of 
ingress. 
The motion capture recordings were obtained at 120 Hz frame 
rate. At the end of each trial the recorded motion is replayed and 
assessed for unusual or incorrect data. If the recordings detected 
anything unusual the trial was repeated after re-calibrating. 
 A. Ethics and Subjects 
The ethics were obtained from the Human Ethics Advisory 
Group (HEAG) of the Faculty of Science Engineering and Built 
Environment, Deakin University, Australia. The project was 
identified as low risk and was approved by the HEAG 
committee as complying with the National Statement on Ethical 
Conduct in Human Research (2007). Ten voluntary participants 
(5 males and 5 females) in the age group 31±7 years and 
average stature of 178±6 cm for male participants and 164±7 
for female participated in the study. No participants had 
restricted movements inhibited by injury. Written consent was 
obtained from the participants before the start of the 
experiment.  
B. Motion Capture System 
The vehicle ingress movement was captured by the Xsnes 
full body motion capture (mocap) system. The Xsens MVN 
system consists of 17 MTx inertial trackers, which track up to 
150 meters in outdoor environment and 50 meters in indoor 
office environment. Unlike other low cost systems [20-22], the 
system has a 3D orientation accuracy of 0.5 degree, resolution 
of 0.05 degree and gyroscope range of 1200 degrees. Fig. 1. 
shows a typical full body setup of the system. 
The 17 mocap sensors were placed on the participants by 
following the Xsens user Manual. This involved placing motion 
trackers to the locations shown in Fig. 1. The sensors were fixed 
to locations using Velcro straps. The wiring procedure involved 
connecting each individual motion tracker via a daisy chain link 
to the Xsens bus located at the posterior of the participant.  
C. Anthropometric Measures 
Measurements needed for calibration and data inputs were taken 
using a measuring tape. These measurements were taken from 
the distances between bony land marks and then entered into the 
motion capture software. The measurements taken included the 
following: height, foot size, shoe sole height, ankle height, hip 
width, hip height, knee height, arm span, shoulder width, foot 
height, knee height sitting, seated height, upper arm length and 
forearm length. 
 
III. BIOMECHANICS MODELLING 
The captured motion was biomechanically analysed using 
Stanford’s OpenSIMTM software [7]. Like any biomechanics 
software, OpenSIM relies on an elaborate contractual muscle 
model that includes passive and active muscle forces as well as 
tendon stretches [8]–[10]. This software was originally designed 
to assist in rehabilitation research.  
We used the same biomechanics analysis described by 
Hossny et al. in [19]. Their biomechanics analysis was carried 
out in five stages, modelling, marker mapping, anthropometric 
scaling, inverse kinematics, and muscle analysis.  
A. Biomechanics Model 
OpenSimTM software provides a list of predefined models 
that can be used in biomechanics research. We chose a full body 
model developed by Anderson et al. [11-16] under the ULB 
project, which contains 131 bones connected with 112 muscles. 
Wraparound constructs are also included in the model to 
facilitate a smoother muscle fitting around joints. The ULB 
model does not articulate the neck and spine skeletal structures. 
Instead, the neck and vertebrae joints are encapsulated in the 
same skeletal structure of the thorax. 
B. Marker Assignment 
In order to animate the skeletal model using the capture 
motion, we have augmented a set of virtual markers on the 
 
Fig. 1. A typical full body setup of the Xsens MVN full body motion 
capture system sensor positions. 
 
Fig. 2. The upper and lower body (ULB) musculoskeletal model [10]–
[14]. Motion tracking markers are overlaid using pink markers [19] and 
muscles are visulised as red strings. 
model. A total of 64 virtual markers are calculated by the Xsens 
gyroscopic suit during the motion capture process. The exact 
location of the markers, relative to the hip-point, are stored in 
the motion capture files and are dependent on the 
anthropometric measurements collected prior to the suit 
calibration. The mapped markers are used by OpenSimTM 
engine to perform anthropometric scaling and inverse 
kinematics. 
C. Anthropometric Scaling 
Anthropometric scaling lays down the foundation upon 
which the captured motion can articulate the motion on the 
biomechanics model. It is important to highlight that the 
captured motion cannot be imported to animate the 
biomechanics model. Instead, the captured motion is used to 
calculate the kinematics articulation of the model. Therefore, 
obtaining the proper measurements of the limbs dimensions and 
the mass proportions is very important for anthropometric 
scaling. This is carried out by comparing the distance between 
several markers in the musculoskeletal model to the actual 
measurements obtained from the collected data in order to derive 
a scaling factor for each bone in the skeletal structure. This was 
achievable by asking the participants to assume a T-pose static 
posture for few seconds. The XYZ-coordinates of the markers 
are then averaged over time to obtain the final scaling factors of 
each bone.  
Anthropometric scaling is a critical step to ensure minimal 
error in the inverse kinematics step. In [19], Hossny et al. 
demonstrated a scenario of an ill-shaped inverse kinematics 
result due to forcing inverse kinematics of data obtained form a 
tall subject on a short biomechanics model as shown in Fig. 3. 
In the case of ill-shaped posture, some muscles will be over-
stretched while others will appear contracted. Consequently, this 
will change the force response functions of the muscles in the 
model [14, 19]. 
 
D. Inverse Kinematics  
Inverse kinematics (IK) is the process of calculating the 
posture sequence of the musculoskeletal model [19]. It is 
obtained by minimising the total error of the recorded marker 
trajectories and the calculated posture. The input to the IK 
process is 3D marker trajectories plotted over time. The output 
of this process is a series of postures that follow the marker 
trajectories articulated on the biomechanics model. 
Theoretically, a properly calibrated posture and an 
anthropometrically scaled musculoskeletal model ensure a 
minimal IK error [19]. After articulating the motion to the 
musculoskeletal model, the obtained postures are then analysed 
to obtain muscle forces related to each posture.  
E. Muscle Force Analysis  
Thelen’s muscle model described in [17] is the main 
contractual spring model used in the ULB biomechanics model. 
In Thelen’s muscle model, forces are divided into two 
components, active and passive fibre forces. As explained in 
[19], active muscle forces are the forces exerted by the muscles 
when activated (contracted). This force component is the 
amount of force generated during the contraction of the muscle. 
On the other hand, passive muscle forces are the stretch force 
components of the muscle while during extension [18].  
 
IV. RESULTS 
The findings from our data show significant differences between 
the passive fibre forces of males and females. Through 
observation of all muscles within the biomechanics model in 
OpenSimTM, results primarily showed female subjects to exert 
higher forces than male subjects, however this was only the case 
for certain muscle groups. As seen in the average passive fibre 
force of the muscles of the lower leg in Fig. 4, female subjects 
appear to use more than twice as much force compared to males 
when entering the same vehicle. These muscles are 
predominantly thought to be holding the most weight during 
ingress although males appear to be holding their weight in 
different areas. Similarly, the core muscles of the body seen in 
Fig. 5 display higher muscle stretch forces in females when 
compared to males. Due to the oblique muscles primarily being 
involved with pulling the chest down to compress the abdominal 
cavity, this data suggests females are stretching more while 
bending to enter the vehicles than males. The erector spinae 
muscle contributes mostly to keeping the body upright and 
provides for side to side rotation. Data collected from the lower 
back, as seen in Fig. 6, indicates that male subjects are exerting 
much higher force in these muscles compared to female 
subjects. After close examination of the biomechanics skeleton 
performing ingress, there is enough evidence that both genders 
 
Fig. 3.  Distorted IK (left) due to importing 3D marker trajectories of 
smaller subject on a larger subject. The pelvis of the large subject (right) 
was forced to rotate to fit a within a smaller marker volume. The thorax 
was forced to laterally bend in order to fit the shorter subject [19]. 
 
Fig. 4.  Average passive forces of lower leg muscles (adductor magnus, 
rectus femoris, biceps femoris).  
do experience different levels of muscle stretch during vehicle 
access.  
 
V. CONCLUSION 
This paper presented a framework for gender based 
biomechanics analysis during vehicle ingress. The presented 
work provides steps for motion capture, biomechanics 
musculoskeletal modeling and preliminary experiments. The 
results from this study indicate that there are key differences 
between genders during vehicle access. These differences in 
muscle stretch forces revolve primarily around maintaining 
center of gravity and balance. Findings suggest that females 
rely heavily on the lower body and core muscles in comparison 
to males who use the muscles of the lower back. Future 
experiments will investigate the effect of anthropometrics on 
ingress strategies between males and females.  
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